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Crystallization and melting are integral parts of isotactic polypropylene (i-PP) and  
i-PP/graphene nanocomposites end-product fabrication process.  Therefore, the 
nonisothermal crystallization kinetics and melting behavior of an un-nucleated commercial 
i-PP and nanocomposites of i-PP with graphene have been pursued by integrating a new 
nonisothermal crystallization model, Flory’s thermodynamic equilibrium theory,  
Gibbs-Thompson equation, and DSC experiments.  By applying this simple conceptual 
integration, the relative crystallinity , temperature-dependent instantaneous crystallinity 
, the crystallization kinetic triplet, and the lamellar thickness distribution have been duly 
correlated, as appropriate, to the level of undercooling θ, crystal surface free energy D, and 
critical stable crystallite sequence number n*.  Consequently, new insightful results, 
interpretations, and explanations have been concluded. 
The nonisothermal primary and secondary crystallizations of i-PP occur 
isokinetically with constant (temperature-, entropy-, and cooling rate-invariant) apparent 
kinetic energy Ea, which is also unaffected by , D, and the lamella-inclusive pendant CH3 
group of the propylene repeat unit.  The crystal dimension nd varies, irrespective of  and 
D, from cylinder to sphere, depending on the system entropic disorder.  Instantaneous 
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(athermal/heterogeneous) and sporadic (thermal/homogeneous) nucleation processes may 
co-prevail.   
For i-PP/graphene nanocomposites, the roles played by graphene have been 
especially highlighted that greatly exceed what is currently available in the literature.  The 
occurrence of lamellar thickening with increasing melting temperature (for i-PP and  
i-PP/graphene nanocomposites) has been discussed, considering the chain sliding diffusion 
theory proposed by Hikosaka et al., and the variation of  and D.  The present approach 
applies, in general, to evaluate the influence of catalyst structure, backbone defect types, 
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1 CHAPTER 1 
INTRODUCTION  
1.1 Propylene 
Propylene commonly known as propene is an unsaturated organic compound with 
chemical formula C3H6. The structure of propylene is shown in Figure 1. It owns one 
double bond and after ethylene it is considered as second simplest member of alkene class 
of hydrocarbons as well as in terms of natural abundance. It is a colorless, low boiling, 
flammable, highly volatile gas at room temperature. Propylene is basic component in the 
modern petrochemical and organic synthesis [1]. 
 
Figure 1: Propylene structure. 
 
Due to higher mass propylene has higher boiling point and density than ethylene. 
Propylene is considered as one of highest volume chemical products of petrochemical 




Figure 2: Propylene value chain [2]. 
 
Most of worldwide propylene production comes from steam crackers. Fluid catalytic 
cracking (FCC) units from refineries are second important source of propylene and recently 
specific on-purpose processes, such as propane dehydrogenation, metathesis and others are 
getting more and more attention [3]. 
Propene is used as a chemical intermediate in the production of polypropylene, 
acrylonitrile, propylene oxide, isopropanol, and cumene. Refineries use much of their 
production of propene internally as a refinery heating gas, to produce alkylates in gasoline, 
and to produce liquefied petroleum gas [4]. 
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In 2015, the global demand for propylene, polymer grade (PG) and chemical grade 
(CG) combined, is estimated at 94.2 million tons. The chart in Figure 3 outlines the 
propylene global demand profile for 2015. 
 




In 2015 around 67% of propylene was used in production of polypropylene. Almost 
7% of total propylene was used for producing propylene oxide, 5% for acrylic acid, 6% 
for acrylonitrile, 4% for cumene, 3% for butanol, 4% for 2-ethyl hexanol and remaining 
for other chemicals. 
Top five propylene producing countries are China, USA, South Korea, India and 







Table 1: Top five propylene producing countries. 
Country Propylene production 
2014 (Million tons)  
China 26.9 
USA 5.1 
South Korea 2.7 
India 2.3 





1.2 Polypropylene types and backbone 
For the first time in history polypropylene (PP) (Figure 4) was prepared by Giulio 
Natta using Ziegler-Natta catalyst in early 1950s and was taken into commercial production 
in 1957. PP expressed as CnH2n is a linear hydrocarbon polymer. PP as a thermoplastic 
polymer resin has applications both in the average household and in industrial and 
commercial applications. PP, like polyethylene (PE) and polybutene (PB), is a saturated 
polymer commonly known as polyolefin.  The chemical designation is C3H6. Also PP is 
one of those most versatile polymers which can be used both as a fiber and as a plastic, in 
almost all of the plastics end-use markets. PP offers a good balance of properties and cost 




Figure 4: Polypropylene backbone. 
 
Almost all of the commercial PP is isotactic and has crystallinity between low-
density polyethylene (LDPE) and high-density polyethylene (HDPE). Copolymerization 
of PP with ethylene makes it more tough and flexible and makes PP an engineering 
thermoplastic having properties comparable to material such as acrylonitrile-butadiene-
styrene (ABS). PP is economical compared to other polymers and usually pigments are 
used to make it opaque or colored. Also PP is having good resistance to fatigue. Melting 
point of PP is usually determined using differential scanning calorimetry. Isotactic 
polypropylene (i-PP) has a melting point that ranges from 160 oC to 166 °C depending on 
its crystallinity and composition. Syndiotactic PP is having melting point of 130 °C of 30% 
crystallinity. The measurement of molecular weight of polymers is expressed as melt flow 
index (MFI). The measurement of MFI gives information on flow behaviour of molten 
polymers during processing. Generally PP is divided into three groups: homopolymers, 
random copolymer, and block copolymer.  
1.3 Polypropylene process technology 
Polypropylene was produced using Slurry process by early manufacturers. Hexane 
was used as solvent and diethylaluminuium chloride was best choice as cocatalyst. At the 
end isotactic PP is precipitated but large amount of atactic portion of PP remains dissolved 
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in Hexane. Because of the reasons like low activity of catalysts, large portion of atactic 
polymer and the process itself being costly, only few of plants at present are using this 
technology. 
The second process to produce PP is Bulk process. In bulk process polymerization 
happens in liquid propylene is similar to slurry process in which PP is precipitated as 
produced. In most of cases of this process, polymerization occurs in continuous stirred tank 
reactors or autoclaves.  
The other important process known as Loop Slurry Process Figure 5 was developed 
by Chevron Phillips Chemicals in which polymerization is carried out in a jacketed pipe 
reactor in rapidly circulating liquid propylene. This is process is also called CP Chem 
process. The difference between Bulk process and CP Chem is the use of vessel. Bulk 
process mostly uses continuous stirred tanks or autoclaves, while CP Chem process is 




Figure 5: Loop Slurry process [5]. 
 
The most important and commonly used process to produce PP is gas phase process. 
Supported Ziegler Natta catalysts are most widely used and polymerization of propylene 




Figure 6: UNIPOL gas phase process [5]. 
 
The UNIPOL PP Figure 6 process utilizes a vertical fluidized bed reactor and no 
mechanical agitation is required. The bulbous upper portion of the reactor has become 
almost iconic in the polyolefins industry. The bulged part of the reactor is designed to be a 
particle disengagement zone, allowing suspended particles to fall back into the fluidized 
bed. It is important to use a catalyst containing a minimum of both very large particles and 
very fine particles. The former produces large polymer agglomerates that are hard to 
fluidize, and the latter produces very small polymer particles that are more difficult to 
disengage from the circulating propylene [5].  
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1.4 World versus Saudi Arabian polypropylene production volumes 
In 2016, the total volume of PP produced globally was approximately 76.81 million 
metric tons. Top ten producers account for 55% of PP manufactured in the world. The 
demand for polypropylene has outpaced the other polymers Figure 7. It the highest single 
polymer produced and used in world alone. Top ten polypropylene producing companies 
Table 2 account for almost 55% of total polypropylene produced globally. Lyondell Basell, 
Sinopec Group and PetroChina Group are top three producers respectively in world in 
2016. SABIC ranked 6th in world with production of 3.46 million tons.  
 
Figure 7: PP growth outpaced other polymers globally. 





Table 2: Top ten polypropylene producing companies in world. 
2011 Capacity (Kt) Rank 2016 Capacity 
(Kt) 
Lyondell Basell 6.47 1 Lyondell Basell 6.52 
Sinopec Group 4.93 2 Sinopec Group 6.46 
Braskem Group 4.03 3 PetroChina Group 4.61 
SABIC 3.46 4 Braskem Group 4.03 
PetroChina Group 3.04 5 Borealis 3.72 
Reliance Industries 2.75 6 SABIC 3.46 
Borealis 2.75 7 Exxon Mobil 2.79 
Total PC 2.72 8 Reliance Industries 2.75 
Exxon Mobil 2.28 9 Total PC 2.72 
Formosa Plastic 
Corp. 




Source URL: http://www.petrochemconclave.com/presentation/2014/Mr.SMoolji.pdf 
 
1.5 Applications of polypropylene 
PP as a thermoplastic polymer resin has applications both in the average household 
and in industrial and commercial applications. It is one of those most versatile polymers 
which can be used both as a fiber and as a plastic, in almost all of the plastics end-use 
markets. An important and growing application of PP is in automotive industry. Compared 
metal parts, polypropylene makes vehicles light weight keeping them strong which 




Figure 8: Lightweight polypropylene from LyondelBasell used in the rear panel of Ford 
Kuga offered in the European automobile market [6]. 
 
Another important application of PP is in packaging. Since glass can be easily broken 
and has higher density than PP, is being replaced by PP. Specially baby bottles Figure 9 
are being made by PP nowadays.  
 




1.6 Ziegler-Natta catalysts for polypropylene  
Ziegler-Natta catalysts in general consist of combination of a transition metal 
compound of an element from group IV to VIII and an organometallic compound with the 
metal from group I to III of periodic table [7]. Ziegler-Natta catalysts have improved a lot 
since their discovery in fifties. Catalyst precursors, cocatalysts and internal and external 
electron donors have been changed with time. Internal donors are related to fraction of 
stereospecific sites, external donors replace internal donors lost due to reactions and 
cocatalysts activate catalysts by alkylation and reduction of transition metals [8,9]. 
Ziegler-Natta catalysts are known in terms of generations according to their 
development with time. First generation and second generation Ziegler-Natta catalysts are 
based on crystalline TiCl3. First generation catalyst used to be prepared by reduction of 
TiCl4. The problem with first generation catalyst was low activity and limited 
stereoselectivity because of which removal of atactic portion was necessary for propylene 
polymerization. With time during 1970s Solvay developed improved TiCl3 second 
generation catalyst. Stereoselectivity of catalyst was improved, atactic was no more 
problem but still activity was not much [10,11].  
Third and fourth generation Ziegler-Natta catalyst consist of TiCl4 supported on 
porous MgCl2. Third generation catalysts have much better catalyst activity and enhanced 
isotacticity index compared to second generation catalyst and the fourth generation catalyst 




1.7 Catalysts and stereo-defects 
Ziegler-Natta catalysts are stereospecific. Isotactic polypropylene is formed when 
addition of propylene monomers occur in a head to tail manner in same stereo arrangement 
during polymerization process. During polymerization process any mistake made by stereo 
irregularities or mis-insertion of propylene monomer i.e. tail-to-tail or head-to-head, is 
known as a defect. Stereo irregular placement is called stereo defect and mistakes due to 
wrong insertion results in regio defects [14,15]. 
Due to presence of an asymmetric carbon, polypropylene has three different stereo 












Graphene was first discovered in 2004 when Sir Professor Andrei Geim and co-
workers at Manchester University first isolated monolayer samples from highly oriented 
pyrolytic graphite, using a mechanical cleavage method [16]. The Nobel Prize in physics 
in 2010 was awarded to Sir Professor Andrei Geim and Sir Professor Kostya Novoselov 
for their ground breaking experiments regarding graphene. Graphene is a monolayer of 
carbon atoms packed in a hexagonal lattice as shown in Figure 11. A single layer of 
graphene is the strongest material existing on earth. With Young’s modulus of 1 TPa, 
ultimate strength of 130 GPa, thermal conductivity 5000 W/m2K, electrical conductivity 
up to 6000 S/cm and a very high surface area of  2036 m2/gm makes graphene a wonder 
material [17–20]. Graphene is the basic building block for graphitic materials of all other 
dimensionalities  
 




Figure 12. It can be wrapped up into 0D fullerenes, rolled into 1D nanotubes, or 
stacked into 3D graphite [17]. 
 
Figure 12: Graphene as building block for 0, 1 and 3D materials [17]. 
 
Due to exceptional properties stated above graphene has great potential for improving 








2 CHAPTER 2 
LITERATURE REVIEW 
2.1 Crystallization kinetics models  
A number of theoretical models have been proposed for studying isothermal and 
nonisothermal crystallization of polymers and their composites. The kinetics of 
crystallization of polymers is generally studied using techniques like differential scanning 
calorimetry (DSC) and thermogravimetric analysis (TGA). These equipments are run 
either on isothermal or nonisothermal mode. The main purpose is to evaluate kinetic 
parameters such as activation energy and rate constants etc. In principle the methods to 
analyze these data can be broadly classified as isokinetic methods and isoconversional 
methods. In isokinetics methods the kinetic parameters are supposed to be constant 
throughout the whole experiment and same transformation mechanism is applicable on 
whole set of data while in isoconversional methods the transformation rate is a function of 
temperature at constant conversion. Some of the models are as follows, 
2.1.1 Avrami model 
Avrami proposed a model to describe isothermal kinetics of polymers. The change in 
crystallinity with time is given by: 
 𝑋 = 1 − exp⁡ − 𝑇 ⁡𝑡 ⁡  (1) 
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Here Xt is relative crystallinity, k is rate constant, n is Avrami index and T is crystallization 
temperature. To plot the relative crystallinity profile, Equation 1 can be converted to 
logarithmic form as follows: 
 ln − 1 − 𝑋 = ln 𝑇 + ln  (2) 
Plot of ln (-ln (1-Xt)) versus ln T gives straight line with intercept k and slope n. 
2.1.2 Jeziorny model 
Jeziorny proposed the following equation; 
 𝑋𝑡 = ′ 𝑇 × 1 − 𝑋  (3) 
where 
 ′ 𝑇 =  (4) 
Here k is Avrami-Erofeev isothermal crystallization rate constant, k’(T) is corresponding 
nonisothermal analogue and β is heating rate. Xt is temperature dependent relative 
crystallinity and t is crystallization time.  Plot of ln(-ln(1-Xt)) versus lnt gives n. 
2.1.3 Ozawa model 
For nonisothermal crystallization of polymers Ozawa proposed a model. The degree 
of crystallinity is given by as a function of temperature: 
 𝑋 = 1 − −𝑘 𝑇  (5) 
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Here m is Ozawa exponent, β is cooling rate and k(T) is cooling function. The above 
equation is linearized using double logarithm and is given by: 
 ln − ln 1 − 𝑋 = ln( 𝑇 ) − ⁡  (6) 
According to above equation if Ozawa model describes correctly the crystallization 
behaviour of the polymer, plot of ln − ln 1 − 𝑋  with respect to  should give 
straight line with slope m and intercept ln( 𝑇 ). 
2.1.4 Mo model 
Liu et al. proposed a model to describe the nonisothermal behaviour of polymers. 
This model is actually combination of Avrami and Ozawa models. The Avrami equation 
is given by: 
 𝑋 = 1 − −𝑘 𝑇 𝑛  (7) 
Linearizing this equation gives: 
 ln⁡ − ln 1 − 𝑋 = ⁡ln⁡ 𝑡 + ln⁡  (8) 
Combining Equations 6 and 8 gives model proposed by Liu et al.: 
 ln 𝑡 + ln = ln( 𝑇 ) − ⁡ln⁡  (9) 
Further simplification of above equation gives: 
 ln = ln(𝐹 𝑇 ) − ⁡ln⁡ 𝑡  (10) 
The above described models have been extensively use to study crystallization 
kinetics of polymers and their composites. However they have certain limitations and 
drawbacks. They are not mechanistic; they are empirical; and they lack fundamental and 
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phenomenological formalism.  The model parameters do not always have adequate 
physical significance.  Some of them do not represent the entire crystallization profile, and 
some experience double logarithm insensitivity and linearization problems. 
2.1.5 Nonisothermal Avrami-Erofeev mechanistic model   
Avrami-Erofeev model overcomes all drawbacks of traditional models and has been 
used in this study. This is based on mechanistic consideration.  It applies to the entire DSC 
nonisothermal crystallization curve.  The model-predicted kinetic parametersapparent 
kinetic energy Ea, Avrami exponent n, and crystallization frequency factor k0have 
physical significance. 
2.1.5.1. Avrami-Erofeev model 
A new nonisothermal crystallization model [21] for crystalline polymer using the 
Avrami-Erofeev equation was published by us in 2013.  This model, with detailed 
assumptions and mathematical derivation, is reported in the above reference.  Here, a 
summary is provided as follows. 
The nonisothermal Avrami-Erofeev polymer crystallization rate, involving 
nucleation and growth, can be written as: 
 




























where we define the following: 





























kTk a  (13) 
 
































































kTk nuclnuclnucl  (17) 
In the above equations, f() is called Avrami-Erofeev nonisothermal crystallization 
function, and  is the temperature- or time-dependent volume fraction of the molten 
polymer solidified due to cooling.  Therefore,  concerns the phase morphology of the 
whole sample (melt plus solid).  It is called relative crystallinity or degree of crystallization.  
 is the cooling rate.  n is the dimension of the growing crystal.  No is the number of germ 
nuclei, that is, the potential nucleus formation sites/defects.  Vo is the initial volume of the 
molten polymer.  Ks is the shape factor for the growing nuclei.  kgrow,0 and Egrow are the 
frequency factors and activation energy of crystal growth, respectively.  Knucl,0 and Enucl 
represent the corresponding terms for nucleation, respectively.  R is the universal gas 
constant, and To is the centering temperature. 
The Avrami index n, in Equation 18, illustrates two aspectsthe crystal dimension 




 n = nd + nn (18) 
where nd shows the dimension of the growing crystals.  Theoretically speaking, nd can be 
only integers1, 2, and 3that correspond to one-,two-,and three-dimensional crystals 
formed, respectively; and nn represents the nucleation process.  In principle, it should be 0 
or 1, where 0 refers to instantaneous (athermal/heterogeneous) nucleation; and 1, to 
sporadic (thermal/homogeneous) one.  For many systems, the model-predicted n turns out 
to be a non-integer which is attributed to 0  nn  1.  This means the simultaneous 
occurrence of instantaneous and sporadic nucleation processes [23].  A balance between 
thermodynamic and kinetic factors influences the value of nn [24]. 
(T) is related to the corresponding weight fraction relative crystallinity w(T) 












where c and a are the densities of the crystalline and amorphous phases, respectively.  
For polypropylene, the values of c and a have been reported earlier.  The relation  versus 
T is called relative crystallinity or degree of crystallization profile. 
w can be calculated from a typical constant cooling rate nonisothermal DSC 
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where Htotal is the maximum enthalpy value reached at the end of the nonisothermal 
crystallization process and H(T) is the enthalpy evolved as a function of crystallization 
temperature T.  Ti and T represent the crystallization start and completion temperatures, 
respectively.  Htotal and H(T) both can be acquired through the software of a standard 
differential scanning calorimeter (DSC).  Using Equation 19, the DSC-generated w can 
be converted to the corresponding volume fraction . 
The experimental confirmation of the above new non-isothermal crystallization 
model is available in one of our recent publications [25]. See Harkin-Jones et al. [26] that 
comprehensively reviews the literature models. 
2.1.5.2. Solution of Avrami-Erofeev model 
We solved Equation 11 numerically, and estimated the kinetic triplet (ko, n, and Ea) 
as follows.  First, we modified it through separation of variables, and integrated the left 
hand side (LHS) analytically, and transformed the right hand side (RHS) into the well-






exp .  See Equations 21 and 22.  Next, we 
converted the temperature integral into a real part and an exponential integral part.  See 
Equation 23.  This is how we integrated the temperature integral, which we finally 
transformed to the non-linear algebraic form.  We solved this modified model equation 
using the Mathematica 8.0 Nonlinear Model Fit software.  To = 370 K was used as the 
centering temperature.  The LHS of Equation 23, containing   1ln , has a point of 
discontinuity at final = 1.  This was resolved by approximating final  0.9999.  Depending 
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on the cooling rates, 30 to 45 experimental data points were considered for kinetic 
parameter estimation. 
 






















































































































Ei a  is the exponential integral of 
RT
Ea . 
We estimated the model parameters considering the following statistical 
criteria95% confidence interval, coefficient of determination (R2), estimated variance, 
and standard error.  The aforementioned Mathematica software eventually generates them. 
Convergence was accepted when the objective function changed less than the specified 
tolerance of 108.  For the sake of brevity and sufficiency, we list only R2 for each of the 
estimated kinetic parameters. 
2.2 Crystallization models applied to semicrystalline polymers  
The process of crystallization occurs in polymers when they are cooled from melt 
and is associated with the partial alignment of molecular chains of polymers. When a 
polymer especially semicrystalline polymer is solidified from melt, due to long molecular 
length of polymeric chains and their difficulty of parallel alignment, it is difficult to form 
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an ordered crystal structure. This is actually origin of semicrystalline polymers. Different 
models proposed for semicrystalline polymers are as follows, 
2.2.1 Fringed micelle model 
This is one of the earliest models for semicrystalline polymers which is based on two 
phase systems of amorphous and crystalline regions. Amorphous regions are made up of 
disordered conformations while crystalline region comprised of stacks of parallel aligned 
chains Figure 13 [27,28].  
 
Figure 13: Fringed Micelle model for polymers [27].  
 
2.2.2 Chain folding model 
It was reported by Keller that the polyethylene single crystals grown from dilute 
solution observed under an electron microscope appear in the form of lamella or thin plates 
Figure 14. Diffraction studies on these thin plates revealed that the chain axes are directed 
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more or less perpendicular to the basal faces. Given the extended length of a polymer chain, 
it was proposed that a chain must traverse a given crystallite many times to conform to 
both of the above observations. This led to the concept of chain folding in semicrystalline 
polymers [29,30]. 
 
Figure 14: Regularly folded lamellar structure [30]. 
 
2.3 Flory’s thermodynamic theory of crystallization applied to i-PP 
The Flory’s thermodynamic theory considers copolymers having A and B units in 
which B is not able to enter in the imaginary lattice. The comonomer units are assumed to 
be defects and should not be considered in the growing crystal. Polymer melt consists of 
both A and B units and crystalline part is completely formed by A units. It is observed that 
at a given temperature there always exists a limiting sequence length ∗ of crystalline part 
which is in equilibrium with melt [21,22]. 
Now, we first summarize the microstructural defects of a typical Ziegler-Natta  
(Z-N) i-PP.  Ti-based Z-N catalysts, in the presence of internal and external donors, 
synthesize i-PP predominantly with stereo-defects introduced in the crystallizable isotactic 
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propylene sequence of the backbone [33–35]. The origin of stereo-defects has been 
elaborated elsewhere in the literature [36]. This makes the i-PP backbone resembling that 
of, for example, a typical ethylene-olefin copolymer where the -olefin introduces 
branching defects in the ethylene sequence of the backbone.  Hence, an i-PP can be 
microstructurally defined to be a random stereo-copolymer with configurational defects 
along the backbone [34,36,37]. See Scheme 1.  Accordingly, the i-PP stereo-defect disrupts 
the backbone as the addition of the -olefin does in polyethylene [36]. Therefore, Flory’s 
copolymer equilibrium theory [31,38,39] can also be applied to the stereo-irregular Z-N i-
PP [34]. 


































Scheme 1. Comparison of the stereo-defect of an i-PP with the structural defect of a typical 
ethylene-olefin copolymer.  The i-PP stereo-defects originate from enantiofacial error, 
chain-end epimerization, and chain-end effect [34]. 
 
In a random ethylene-olefin copolymer, the ethylene perpetuation probability p, 
that is, the probability that a crystallizable unit is succeeded by another such unit is given 
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by [XE + (1  XE)/2] where XE is the average ethylene mole fraction [40,41]. The term 
(1XE)/2 is the correction due to the incorporation of one CH2 unit (or half C2H4 unit) 
per insertion of one -olefin comonomer and exclusion of the pendant alkyl group (greater 
than methyl) from the chain fold.  As per Scheme 1 and what is stated above, for an i-PP, 
the analogous propylene perpetuation probability p can be approximated by the 
crystallizable isotacticity index Xmmmm (meso-pentad) mole fraction. 
According to the above description and Flory’s copolymer equilibrium theory, the 
propylene perpetuation probability p can be related to the critical (limiting) sequence 
number n*(T) of the stable crystallite, that equilibrates with the melt at a given temperature, 
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 RTaoeeeffectenergyfreesurfacecrystalD /2)(   (26) 
where Xmmmm is the mole fraction of the crystallizable (meso-pentad) isotacticity index; R 
is the universal gas constant; and T is cooling temperature in K. θ is measure of 
undercooling and D is crystal surface free energy and p is sequence propagation probability 
of A units. 
Note that n*, , and D are dimensionless.  Therefore, they offer a common footing to 
compare the melt behavior and crystallization of i-PPs of different structures under varying 
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experimental conditions.  In Equation 25, 0mT  (459.1 K) is the melting point of an isotactic 
polypropylene perfect crystal (completely defect-free i-PP of infinite lamellar thickness 
and molar mass).  This is also called polypropylene equilibrium melting point.   
Hu (2100 cal/mol = 2109 erg/cm3) is the heat of fusion for perfect crystal i-PP repeat unit 
[CH2CH(CH3)], e (96 erg/cm3) is the polypropylene basal/fold free surface energy, 
and ao (2.05105 m2/mol) is the cross-sectional area of a polypropylene chain [38,42,43].  
All these properties relate to alpha-phase i-PP.  For a constant cooling rate nonisothermal 
DSC crystallization process, n*(T) evaluates the temperature-dependent dynamic critical 
crystallite stability.  Only isotactic propylene sequences, greater than n*(T), form stable 
crystals.  With increasing temperature, the crystals melt and n*(T) increases, and n*   
represents the thickest possible crystals [39]. 
For the random stereo-irregular Z-N i-PPa random stereo-copolymer with 
configurational defectsFlory’s weight fraction equilibrium crystallinity fc is given by 
[31,39]: 
 











































































Equation 27  is the revised version of the original derivation by Flory [31].  For a 





2.4 Melting and crystal lamellar thickness distribution 
The lamellar thickness L of folded chain crystal (FCC) of the experimental Z-N  
i-PP-a random stereo-copolymer [44–46] with configurational defects along the backbone-


























,2  (28) 
where 0, PPimT    is the equilibrium melting temperature of an i-PP with stereo-defects, and 
Tm is the DSC-measured Cycle 3 melting temperature. uH and σe have been already 
defined in Equations 25 and 26, respectively.  Equation 28 corrects for the stereo-defects 
in the i-PP backbone.  Here, the i-PP pendant -CH3- group, with that in the stereo-defect, 
is included in the folded lamella [39,46,51].  Under such a situation, Cheng et al. [46], 

























where ε0 (1.90 kJ/mol) is the excess energy of a perfect i-PP crystal.  Xmmmm, 0mT  , and 
0
fH   
have been already defined in Equations 24, 25, and 26, respectively.  The standard 
deviation (STD), calculated by using Equation 30, is 1.33. 
 


















The following alpha-phase perfect crystal (of infinite lamellar thickness and molar 
mass) parametric values [38,42,43] were applied to the above equations: Tmo = 459.1 K, 
ΔHfo = 8786.4 J/mol (207 J/g), and σe (crystal specific surface free energy) = 0.096 J/m2. 
L was estimated using Equations 28 and 29, and the corresponding mass fraction 
jT




























































3 CHAPTER 3 
MATERIALS AND METHODS 
3.1 Materials 
The pristine isotactic polypropylene (PP H1030) used in this study was supplied by 
National Industrialization Company (Tasnee), Saudi Arabia.  As per the Tasnee data sheet, 
it has a melt flow rate (MFR) of 3 g/10 min at 230 oC and 2.16 kg load.  The melting 
temperature and density are 163 oC and 0.900 g/cm3, respectively.  Graphene Nanoplatelets 
(GNPs) having trade name of GRAFEN®-GNP was supplied by Grafen Chemical 
Industries Co., Turkey. GNPs have average thickness 5–15 nm, average particle diameter 
10-20 µm, oxygen content < 5% and 95% purity. GNPs were used as received, without any 
modifications. The antioxidant Irganox 1010 supplied from BASF was also added into the 
composite as a heat stabilizer.   
3.1.1 Fabrication of i-PP/graphene nanocomposites 
Nanocomposites of i-PP with different GNP contents (0.1, 0.5, 1.0, 1.5, 2.0, 2.5 and 
3.0 wt %) and Irganox 1010 (0.1 wt %) were fabricated using melt-blending technique 
using a minilab twin-screw extruder (HAAKE Minilab II) Figure 15. After dry blending 
the components were mixed in extruder at 190 oC with screw speed of 100 rpm for 10 





Figure 15: Minilab twin screw extruder. 
 
3.1.2 Characterization of i-PP and i-PP/graphene nanocomposites 
4.2.2.1. Differential scanning calorimetry 
The thermal properties of the experimental i-PP and i-PP/GNP nanocomposites were 
measured in terms of peak melting (Tpm) and crystallization (Tpc) temperatures, and % 
crystallinity (Xc) using a differential scanning calorimeter (DSC Q2000, Texas Instrument) 
Figure 16.  The instrument was calibrated using indium.  The three-cycle (heating-cooling-
heating) experimental procedure reported in the literature was followed [52–54].  About 
5.50 mg i-PP (and i-PP/GNP composites sample) flake sample was taken in an aluminum 
pan and was tightly crimped with a lid.  A similar empty pan was used as a reference.  The 
following heating/cooling rates-5.0, 10.0, 12.5, 15.0, and 20.0 oC/min-were used under 
nitrogen flow.  After keeping the sample and reference pans in the DSC instrument, Cycle 
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1 was completed as follows to remove thermal history and recrystallization.  The sample 
was first heated from room temperature to 200.0 oC at a selected heating rate; then it was 
kept at this temperature for 5 min.  In Cycle 2, it was cooled to room temperature at the 
same ramp.  Finally, in Cycle 3, the sample was heated to 200.0 oC, also using the same 
heating rate.  This means that Cycles 1 to 3 experienced the same heating or cooling rate 
in a typical DSC run. 
 
Figure 16: Differential Scanning Calorimetry. 
The data were acquired for each cycle and handled using the TA explorer software.  
The %crystallinity was determined using Cycle 3 DSC output and the following relation: 
c = (Hf/Hf)  100, where Hf and Hf (207 J/g) [38,42,43] are the heats of fusion of 
the experimental sample and the perfect (defect-free) i-PP crystal (of infinite lamellar 
thickness and molar mass), respectively.  The measured c was subsequently used to 
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calculate the material density polym, following the rule of additivity of volumes of 
polypropylene amorphous and crystalline phases [55]:  c = (1/polym  1/a)/(1/c  1/a); 
where  = density; a = amorphous phase; c = crystalline phase; and polym = polymer.  For 
polypropylene, c = 0.950 g/mL and a = 0.850 g/mL [42]. Next, the amorphous volume 
fraction a was estimated using the relation )/()( acca   .   
4.2.2.2. Gel permeation chromatography 
The experimental i-PP was characterized in terms of weight average molecular 
weight (MW) and polydispersity index (PDI), using a Viscotek multidetector high 
temperature Gel Permeation Chromatography (HT GPC Module 350A) instrument Figure 
17.  The column temperature was set at 140 °C.  The polypropylene sample (about 21.50 
mg), taken in a 40 mL glass vial, was dissolved in 10.0 mL butylated hydroxy toluene 
BHT-stabilized-1,2,4 trichlorobenzene (TCB) as follows.  The vial was closed with a 
Teflon cap.  Then the sample was completely dissolved by placing it into the Vortex Auto 




Figure 17: Gel Permeation Chromatography. 
Before injecting a sample, all the detectorsrefractive index (RI) detector, and low 
angle and right angle light scattering (LALS and RALS) detectorsand the inlet pressure 
(IP), and the differential pressure (DP) cells were purged for 3 hr using TCB to obtain a 
stable baseline.  The flow rate of TCB was 1.0 mL/min.  The experimental i-PP sample, 
having a concentration of 2.15 mg/mL, was injected into the system.  The run time was 60 
min.  Viscotek OmniSEC software acquired the response data, generated by the LALS and 
RALS detectors, and calculated the weight average molecular weight Mw and the PDI.   
4.2.2.3. Carbon-13 nuclear magnetic resonance 
The microstructural parameters (meso-pentad mole fractions) of the experimental  
i-PP were determined using Carbon-13 Nuclear Magnetic Resonance (13C NMR) 
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spectroscopy.  For this, a Bruker 600 MHz spectrometer was used.  The sample was 
prepared at 120 C by dissolving about 250 mg of the sample in a 10 mm NMR tube using 
3 mL of the deuterated dimethyl sulfoxide (DMSO-d6)/trichlorobenzene (TCB) 10/90 % 
(v/v) mixed solvent.  The DMSO-d6 was used as an internal lock. 
The spectrum was recorded at 120 ºC using WALTZ-16 decoupler, 30º pulse angle 
with pulse repetition time of 10 s.  The free induction decays (FIDs) were stored in 32 K 
data points using a spectral width of 70 ppm.  The experimental data were processed and 
analyzed using TOPSPIN software (version 2.0). 
The spectral region of methyl carbon signals (22.6019.50 ppm) was divided into 
three triad configurational sequences, that is, mm (22.6021.10 ppm), mr (21.1021.40 
ppm), and rr (21.4019.50 ppm).  Each of the above triad regions was further split into 
three pentad configurational sequences using Lorentzian distribution functions [56].  
4.2.2.4.Crystallization analysis fractionation 
Crystallization Analysis fractionation (CRYSTAF) was performed in a model 200 
instrument from Polymer Char S.A (Figure 18). Standard conditions were used in all the 
analyses with a starting solution concentration of 0.1% (w/w), 30 mg in 30 ml of 1,2,4 

















4 CHAPTER 4 
Nonisothermal crystallization and melt behavior of i-PP 
4.1 Nonisothermal crystallization using Avrami-Erofeev model 
A review of the literature on overall polypropylene thermal behavior shows the 
following.  The published nonisothermal crystallization studies relate to i-PP with and 
without nucleating agents [58–61] and i-PP/inorganic filler micro- and nanocomposites 
[62–65].  Here, the crystallization kinetics was investigated using Caze-Chuah, Jeziorny, 
Ozawa, Mo, and Seo-Kim models (as appropriate) [58–65].  However, the following can 
be commented regarding these models.  They are not mechanistic; they are empirical; and 
they lack fundamental and phenomenological formalism.  The model parameters do not 
always have adequate physical significance.  Some of them do not represent the entire 
crystallization profile, and some experience double logarithm insensitivity and 
linearization problems.  See Reference [21] for the details. 
We particularly summarize the study by Alamo et al. [38] who investigated, among 
several subjects, the effects of chain-walking defects on i-PP %crystallinity and melting 
point, considering Flory’s equilibrium theory.  These regio-defects, resulting from 3, 1 
enchainment, were introduced into the polymer backbone by polymerizing propylene using 
selected nickel α-diimine precatalysts and methylaluminoxane (MAO) cocatalyst.  They 
lowered the above thermal properties with reference to the corresponding Flory’s 
equilibrium values.  However, these authors did not investigate the influence of i-PP  
regio-defects on nonisothermal crystallization kinetics, which is an important subject. 
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We observe that the aforementioned i-PP nonisothermal crystallization studies and 
the report by Alamo et al. [38] did not study the i-PP dynamic melting behavior and 
crystallization from Flory’s equilibrium theory perspective, particularly considering the 
following three temperature-dependent dimensionless factors―level of undercooling θ, 
crystal surface free energy D, and critical stable crystallite sequence number n*.  Our 
focused objective is the following.  Can the integration of the fundamental mechanistic 
crystallization model (which we published in 2013) [21], Flory’s thermodynamic 
equilibrium theory [31,38,39], Gibbs-Thompson equation [41,47–50], and DSC 
experiments generate new and/or better insightful results, interpretations, and explanations 
regarding nonisothermal i-PP crystallization and melt process?  Note that such an 
integrated conceptual framework to study the overall polyolefin thermal behavior, as far as 
we know, has not been yet published.  Therefore, we undertake this study.  The merits of 
our above crystallization model over the other literature models are well documented [21].  
This is based on mechanistic consideration.  It applies to the entire DSC nonisothermal 
crystallization curve.  The model-predicted kinetic parameters―apparent kinetic energy 
Ea, Avrami exponent n, and crystallization frequency factor k0―have physical 
significance. 
We plan to pursue the above objective by correlating the relative crystallinity α, 
temperature-dependent instantaneous crystallinity χ, Ea, crystal dimension nd, nucleation 
mode nc, k0, and the lamellar thickness and melting temperature, as appropriate, to θ, D, 
and n*.  The DSC experiments, as a function of heating/cooling rates, will be conducted 
using an alpha-phase commercial Ziegler-Natta i-PP without adding a nucleating agent. 
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The results obtained from DSC, GPC, results of lamellar thickness distribution 
parameters and Tasnee datasheet properties of i-PP are summarized in Table 3 below. 
Table 3: Summary of the experimental i-PP properties. 
                                                                                  Heating/cooling rates β (oC/min) 
Properties 5.0 10.0 12.5 15.0 20.0 
Weight average molecular weight Mwa (g/mol) 427,500 
Polydispersity index (PDI)a 4.9 
Viscosity average molecular weight Mvb 
(g/mol) 
440,500 
Peak melting point Tpm (oC) 161.7 160.7 161.1 161.7 160.7 
Peak crystallization point Tpc (oC) 119.9 113.0 116.3 115.8 114.5 
Crystallinity χc (%) 3rd cycle 44.54 46.57 46.34 46.70 44.68 
Crystallinity χc (%) 2nd cycle 59.07 56.23 55.91 59.27 55.31 
i-PP material density ρpoly (g/cm3) 0.893 0.899 0.895 0.904 0.895 
Amorphous volume fraction ϕa 0.579 0.517 0.562 0.464 0.555 
Weight average lamellar thickness LWAV DSC GT  
(nm) 
7.1 6.9 6.4 6.7 6.1 
Most probable lamellar thickness LMP DSC GT 
(nm) 
6.7 6.8 6.8 6.8 6.7 
Variance of LTD LTD (nm) 2.8 2.8 2.5 2.7 2.5 
Most probable TMP (K) 446.0 442.5 440.0 438.5 437.0 
Level of undercooling θMP 0.37 0.35 0.33 0.31 0.28 
Crystal surface free energy DMP × 106 26.8 25.3 24.5 24.0 22.0 
Tasnee data sheet properties 
Melt flow rate MFR (g/10 min) 3.00 
i-PP material density ρpoly (g/cm3) 0.900c 
aMeasured using GPC with light scattering detector. 
bEstimated from the work of Grein et al.[66]  Comparable with measured GPC Mw. 
cMatches very well the values determined by DSC. 
ρpoly is comparable with that of Tasnee data sheet. 
Properties such as Tpm, Tpc, χc, ϕa, LWAV DSC GT, LMP DSC GT, TMP, θMP, and DMP are fairly 
invariant of cooling/heating rates. 
 
Now we evaluate the present nonisothermal Avrami-Erofeev model performance, 




Figure 19: Comparison of model-predicted i-PP relative crystallinity profiles with DSC 
experiments for different cooling rates. 
 
predicted relative crystallization profiles, determined using Equation 11, with the 
corresponding DSC profiles at different cooling rates.  The agreement between model and 
experiment, in each case, is excellent.  The crystallization profiles shifted leftward with the 
increase in cooling rate .  This trend matches that of the cooling rate-dependent 
nonisothermal i-PP relative crystallinity profiles reported in the literature [26,67].  Our 
premier model finding is the following.  A single value of n represents the whole 
crystallization regime (primary as well as secondary).  This result signifies that the same 
mechanism of nucleation and crystal growth holds, irrespective of the cooling rates, all 
throughout the nonisothermal i-PP crystallization.  This argues how the present model 
































nonisothermal crystallization models, summarized in our previous study [21].  Also, see 
Harkin-Jones et al. [26] that reviews the parametric nonisothermal crystallization literature 
models.  Therefore, the assumption of change in crystallization mechanism, as reported in 
the literature [26,68–71], is invalid. 
Table 4: Model predicted crystallization kinetics parameters. 





























































Table 4 shows that the model-predicted nd ranges between 2 and 3, and it depends on 
the cooling rates.  For  = 5.0 and 10.0 C/min, nd = 3; and for  = 12.5, 15.0, and 
20.0 C/min, nd = 2.  Hence, the resulting i-PP crystal dimension varies between spherical 
and cylindrical, that is, two and three dimensional alignments of the polymer backbone 
lamellae, corresponding to low and high cooling rates, respectively.  Further, n has an 
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integral part nd and a fractional part nn.  Therefore, according to Equation 18, for the subject 
i-PP, instantaneous (athermal/heterogeneous) as well as sporadic (thermal/homogeneous) 
nucleations (0.00  nn  0.60) simultaneously prevail under the experimental cooling rates.  
The conformation of the CH3 group, that is, the i-PP backbone stereo-defect does not 
deflect this model-prediction.  Consider particularly the 5.0 C/min model prediction in 
Table 4.  Here, nd = 3 which indicates the formation of spherulite i-PP crystals.  This model 
finding matches what Sajkiewicz et al. [72] experimentally observed for crystallization of 
pristine i-PP at the above cooling rate, using polarized light microscopy. 
The crystallization profiles versus T relationsfeature very fast primary and 
slow (impinged) secondary crystallizations.  We shall discuss them from the perspective 
of Flory’s equlibrium theory, particularly in terms of the level of dimensionless 
undercooling  and the crystal surface free energy D, at a later section. 
Figure 19 also confirms that a single Ea fits the well-known isokinetic Avrami-
Erofeev crystallization mechanism throughout the entire i-PP crystallization process 
(primary plus secondary crystallization).  Therefore, Ea is essentially constant of 
crystallization time or temperature and relative crystallinity α.  Now we compare this 
finding with that published in the literature. 
First, we consider the report by Harkin-Jones et al. [26] who modeled nonisothermal 
DSC crystallization of an un-nucleated i-PP (FINA 4060S, MFR = 3.00 g/10 min at 
230.0 oC and 2.16 kg load).  Note that this MFR equals to that of our experimental sample.  
They evaluated a number of literature models, all of which incorporate arbitrary  
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curve-fitting parameters.  The two-parameter modified Ozawa model (with induction 
period), extended by Hammami, Spruiell, and Mehrotra [73] performed the best. 
Second, Zheng et al. [67] modeled the nonisothermal crystallization of i-PP  
(MFR = 3.88 g/10 min at 230.0 oC and 2.16 kg load) considering an empirical nuclei 
density function, induction period, and temperature-dependent Hoffman–Lauritzen 
spherulite growth rate.  This heuristic simulation model has the following limitations.  It 
does not represent secondary crystallization for cooling rates exceeding 5.0 C/min.  It also 
shows that effective activation energy varies with relative crystallinity . 
Both the above curve-fitting models have unfortunately no mechanistic, kinetic, and 
thermodynamic basis.  Hence, the model parameters and predictions, unlike those of ours, 
are of limited physical significance. 
Third, Supaphol et al. [74] modeled the nonisothermal crystallization activation 
energy of selected aromatic polyesters and showed that it is a function of the relative 
crystallinity .  Depending on the polymer structure, it either monotonically increases, or 
it first increases and then it decreases as  increases.  This variational trend was ascribed 
to the dependence of nucleation energy barrier on temperature.  However, note that this 
explanation ignores isokinetic concept, crystal growth, as well as primary and secondary 
crystallizations. Hence, their model prediction and explanation are insufficient and 
unacceptable. 
Figure 20 illustrates that the model-predicted nonisothermal crystallization frequency 
factor k0 (defined by Equation 15), for the experimental i-PP, well correlates to the cooling 
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rate  (R2 = 0.9999).  k0 progressively increases as  increases.  Our physical interpretation 
of this correlation follows.  Considering the relation between kinetics and thermodynamics, 
it can be shown that k0  exp(S/R) or S  Rlnk0 where S is entropy of the system and R is 
the universal gas constant. Therefore, the entropy of the experimental i-PP nonisothermal  
 
Figure 20: Effect of cooling rates on i-PP nonisothermal crystallization  
frequency factor ko. 
 
crystallization increases as k0 and the cooling rate  increase.  k0 is, therefore, a measure of 
entropy (system disorder) and it is cooling rate-dependent.  Now, we revisit the growth of 
crystal dimension nd from the thermodynamic entropy perspective.  Recall the results 
reported in Table 4.  Low and increasing system disorders, among other factors, favor the 
growth of spherulitic and cylindrical crystals, respectively.  This is a new model prediction 
for nonisothermal i-PP crystallization. 
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Figure 21 shows the effect of cooling rates on the model-predicted apparent activation 
energy Ea = Egrow  Enucl.  This is a major motif of this study.  Ea does not practically vary 
with cooling rate .  Hence, it, unlike k0, is entropy-independent for the experimental i-PP 
nonisothermal crystallization.  This result particularly differs from what Sahay and 
Krishnan have reported regarding the influence of  on activation energy of aromatic 
polyester crystallization [75].  To fit the DSC data, these authors considered an effective 
activation energy Eea that consists of cooling rate-independent activation energy E0 and 
 
Figure 21: Effect of cooling rates on i-PP nonisothermal crystallization apparent 
activation energy Ea. 
 
cooling rate-dependent activation energy E1, which are related to each other as follows:  
Eea = E0 + E1 ln(A), where A is an arbitrary constant.  Regrettably, this treatment, like the 
model by Hammami, Spruiell, and Mehrotra [73] has no mechanistic, kinetic, and 
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crystallization activation energy concept cannot be accepted.  By contrast, our model duly 
considers isokinetic concept, crystal growth, as well as primary and secondary i-PP 
crystallizations; and mathematically shows that the activation energy is temperature-, 
entropy-, and cooling rate-independent.  The pendant CH3 (methyl) group of i-PP, with 
that of the stereo-defect, despite being inclusive in the crystal lamella [39,46,51] , does not 
affect the invariance of Ea.  Figure 22 shows the qualitative stereo-defect distribution 
(SDD) of the experimental i-PP.  This was determined using Crystaf and following the 
procedure reported in the literature [57].  The SDD is segregated mainly into the following 
two regions:  
 
Figure 22: Crystaf analysis of the experimental Ziegler-Natta i-PP. 
 
 (i) the defect-rich atactic (amorphous) soluble content (4.0 wt%), and (ii) defect-lean 
highly isotactic crystalline backbones (around peak crystallization temperature of 83.2 C 
































the model prediction, does not affect Ea either.  The overall discrete meso-pentad 
distributions listed in Table 5 complement Figure 22.  They were determined using 13C 
NMR spectroscopy [76,77]. 




Chemical shift (in ppm) Mole fractions 
mmmm mm-centered 21.75 0.855* 
mmmr mm-centered 21.56 0.028 
rmmr mm-centered 21.31 0.004 
mmrr mr-centered 20.02 0.032 
mmrm + rmrr mr-centered 20.87 0.016 
rmrm mr-centered 20.72 0.013 
rrrr rr-centered 20.35 0.011 
mrrr rr-centered 20.22 0.014 
mrrm rr-centered 19.92 0.027 



















The signals of mmrm and rmrr pentads overlap in the spectrum; hence, the sum  
(mmrm + rmrr) is obtained.  To calculate MSL, the contribution of rmrr has been taken 
equal to that of rmrr [77].  MSL is also called average isotactic sequence length.   
*Xmmmm = 0.855. 
 
Based on the overall findings of Figures 19 and 21, this study confirms the invariance 
of activation energy articulated by Galwey and co-thinkers [78,79], and does not support 
the concept of variable instantaneous activation [70,73–75,80,81] which is practiced in 
analyzing nonisothermal crystallization kinetic data.  This conclusion originates from the 
correct application of isokinetic concept and the current nonisothermal Avrami-Erofeev 
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crystallization model, and the appropriate calculation algorithm that we developed.  This 
is how we address in this study the mathematical artefact that exists in the literature. 
Based on the preceding discussion, we conclude that the nonisothermal primary and 
secondary crystallizations of the experimental i-PP occur isokinetically with constant 
(temperature-, entropy-, and cooling rate-invariant) apparent kinetic energy.  The crystal 
dimension varies between cylinder and sphere while instantaneous  
(athermal/ heterogeneous) and sporadic (thermal/homogeneous) nucleations can co-occur. 
4.2 Melting behavior and crystallization of i-PP: Flory’s equilibrium 
theory perspective 
In this section, we discuss the melting behavior and crystallization of the 
experimental i-PP from Flory’s equilibrium theory perspective, particularly considering 
the following three temperature-dependent dimensionless factorscritical stable 
crystallite sequence number n*, level of undercooling θ, and crystal surface free energy D.  
See Equations 24, 25, and 26, respectively. 
First, we evaluate the influence of the level of undercooling  and crystal surface free 
energy D on the nonisothermal crystallization of i-PP.   and D were calculated using 
Equations 25 and 26, respectively, and the Cycle 2 DSC data.  Figure 23 demonstrates that 
for a given cooling rate  and beyond induction/nucleation regime ( = 0.1), increasing  
sharply enhances the primary crystallization profile, and makes it proceed very fast.  The 
plots shift rightward with the increase in .  Here, for a given value of the relative 
crystallinity (degree of crystallization) ,  increases as  increases, without changing the 
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apparent crystallization energy Ea.  Also, see Figure 21.  On the other hand, the slower 
secondary crystallization (impingement of crystal growth) shows milder impact of  on ; 
 
Figure 23: Variation of relative crystallinity α with level of undercooling θ. 
 
 gradually increases with the increase in .  This finding differs from what we notice to 
happen in primary crystallization.  The values of  that correspond to the onset of primary 
and secondary crystallizations increase with the increase in . 
Figure 24 investigates how crystal surface free energy D affects the nonisothermal 
crystallization of i-PP.  The overall impact is opposite to that of the level of undercooling 
 on relative crystallinity .  This is elaborated as follows.  Here, a decrease in D rapidly 
accelerates the primary crystallization .  The plots shift leftward with the increase in the 
cooling rate .  For the same , D decreases as  increases, without affecting Ea.  On the 





























decrease in D.  This trend deflects from the situation that prevails in primary crystallization.  
The onset secondary crystallization D decreases with the increase in . 
 
Figure 24: Variation of relative crystallinity α with dimensionless  
crystal surface free energy D. 
 
From the above overall findings of Figures 23 and 24, we conclude that primary and 
secondary crystallizations originate from the increase and decrease in the level of 
undercooling and crystal surface free energy, respectively.  In primary crystallization, the 
d/d and  d/dD are much higher than the corresponding derivatives in secondary 
crystallization.  However, these two competitive temperature-dependent equilibrium 
theory parameters ( and D), despite having opposite variational trend, do not change the 
apparent crystallization energy Ea, either as a function of cooling temperature or rate.  To 





























characteristics of the fairly fast nonisothermal primary crystallization and very slow 
secondary crystallization of i-PP. 
Figure 25 is the consequence of the combined effect of the level of undercooling  
and crystal surface free energy D, expressed in terms of critical (limiting) sequence number  
 
Figure 25: Variation of critical crystallite sequence number n* with  
relative crystallinity α. 
 
n*, on the nonisothermal crystallization of i-PP.  See Equation 3; Xmmmm = 0.855 (13C NMR 
value); MSL (meso sequence length) = 31 (Table 5).  Xmmmm = 0.855 fairly matches the 
value that Tm = 161.0 °C, the melting point of our experimental i-PP, reads from Figure 21 
of Zhang et al. [2016] [82].  Note that n* signifies the sequence of the i-PP repeat unit 
[CH2CH(CH3)] of the stable crystallite, that equilibrates with the melt at a given melt 










































stability.  This figure shows how n* varies as a function of  with the progressive 
development of the crystallinity profile.  For a given cooling rate  and beyond 
induction/nucleation regime ( = 0.1), n* fairly decreases as  sharply increases during 
primary crystallization.  Here, for a given value of , n* increases with the decrease in 
cooling rate .  During secondary crystallization, n* steeply decreases as  slowly 
increases.  All the plots shift rightward with the decrease in .  The n* versus  functional 
variation does not affect the apparent crystallization energy Ea. 
Figure 26 compares the profiles of DSC-determined temperature-dependent 
instantaneous (dynamic) crystallinity (T) for different cooling rates.  (T) was estimated 




























  (32) 
where ΔHf is the heat of fusion (8786.4 J/mol = 207 J/g) of the perfect i-PP crystal (of 
infinite lamellar thickness and molar mass).  Therefore, (T), unlike relative crystallinity 
(T), is heat of fusion-based crystallinity that concerns the phases of the material solidified 
from the cooling melt. 
The Cycle 2 DSC crystallization data were applied to calculate (T).  For each cooling 
rate , the  versus T relation shows the following common trend.   initially increases 
fairly sharply as T decreases with continued cooling.  However, below a critical cooling 
temperature Tc, critical, it asymptotically flattens (which indicates hindrance (impingement) 
to the further development of crystallinity), and is not any further affected by decreasing T 
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and hence, the level of undercooling  and crystal surface free energy D.  At T < Tc, critical, 
defect-rich i-PP chains, having slower melt chain dynamics, crystallize [38].  Tc, critical 
decreases with the increase in .  Only above Tc, critical, the following happens: 
 
Figure 26: Variation of temperature-dependent instantaneous Cycle 2 crystallinity χ with 
cooling temperature. 
 
i.  shows to be temperature-dependent; and 
ii. (T) increases as  increases, and D and critical stable crystallite sequence 
number n* decrease with the decrease in T. 
The asymptotic value of  equals to the Cycle 2 DSC %crystallinity of the i-PP 
sample.   (asymptotic or non-asymptotic), for a given cooling rate, is always much less 











































Flory's weight fraction equilibrium crystallinity 
fc = 1 (for defect free i-PP)
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homopolymer is equal to unity.  See Equation 27 and the text below it.  The predicted 
crystallinity difference (with respect to fc = 1) may be attributed to the topology and the 
eventual kinetic restraint with reference to Flory’s equilibrium theory [38,83–86].  
Therefore, crystallinity may be improved by decreasing the kinetic and topological 
restraints.  By topology, we mean the crystallizable isotactic polypropylene sequence 
length distribution SLD (due to stereo-defects), the density of chain entanglement, and the 
configuration of the folding lamellae.  Note that according to the equilibrium theory, only 
sequences exceeding a certain critical length crystallize.  The SLD reduces the exceedingly 
long sequences required for equilibrium.  On the other hand, the resulting kinetic constraint 
imposes hindrance to nucleation and crystal growth, and impinges the growing centers.  
The crystallization of particularly the very long sequences becomes especially difficult.  
Consequently, the experimental i-PP does not achieve the structural topology stipulated by 
the equilibrium requirements, and its melting point, heat of fusion, and crystallinity 
decrease. 
Here, we address the effects of the level of undercooling  and crystal surface free 
energy D on the melting behavior of i-PP.  See Figure 27.   and D were calculated using 
Equations 25 and 26, respectively, and the Cycle 3 DSC melting data.  The lamellar 
thickness L of folded chain crystal (FCC) of the experimental ZN i-PPa random  
stereo-copolymer [44–46] with configurational defects along the backbonewas 







Figure 27: Variation of lamellar thickness L, level of undercooling, and crystal surface 
free energy D as a function of cooling temperature.  Plots for all the experimental heating 
rates overlapped. 
As per Flory’s thermodynamic equilibrium theory, melting and crystallization are 
both reversible.  This figure shows that melting first starts with the smaller defect-rich 
 
Figure 28: Comparison of the thermodynamic model-predicted equilibrium melting 

























































































































































lamella at lower temperatures, and higher undercooling favors this.  On the other hand, the 
larger defect-free lamellae melt later at higher temperatures, which occurs due to lower 
level of undercoling .  In either case, the lamella melting temperature is always less than 
the equilibrium melting temperature Tmo of the perfect crystalline i-PP (459.1 K).  Compare 
Figure 27 observation with that of Figure 22.  However, the effect of crystal surface free 
energy D on melting behavior of i-PP differs from that of .  Here, D, unlike , increases 
as the melting temperature increases, and consequently the smaller to larger lamellae 
sequentially melt.  In summary, lamellar thickening occurs with the decrease of , and 
increase of melting temperature and D.  This phenomenon significantly increases in the 
molten mobile phase.  The chain sliding diffusion theory proposed by Hikosaka et al.  
[87–89], combined with the above variation of  and D support this lamellar thickening 
behavior.  The heating rate does not affect this phenomenon.  These are insightful findings, 
and to the best of our knowledge, have not been reported earlier in the literature. 
Overall,  and D inversely influence the i-PP melting phenomenon.  This can be 




(where TTT m 
0 ), and it mathematically expresses the undercooling profile of the 
experimental i-PP with reference to the polypropylene perfect crystal (having infinite MW 
and lamellar thickness, and  = 0).  Hence, it eventually shows the temperature gradient 
effect on i-PP melting.  On the other hand, D decreases exponentially as a function of  
non-dimensional crystal surface free energy 
RT
aoe .  See Equation 26.  The above 
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variational trends of  and D are fundamentally related to the topologies of the lamellae 
and crystallite surface, which are affected by the architecture of the i-PP backbones.   
Figure 29 illustrates that the lamellar thickness L of the experimental i-PP crystal 
shows a distribution during melting.  We calculated this lamellar thickness distribution 
(LTD) as follows.  L was estimated using Equations 28 and 29, and the corresponding mass 
fraction 
jT
m  (at a given temperature Tj), by applying Equation 31 and the Cycle 3 DSC 
data: 
 
Figure 29: Variation of mass fraction of crystal lamellae melted, level of undercooling θ, 
and crystal surface free energy D as a function of lamellar thickness L 
 
The above figure also demonstrates the relation that exists among the LTD, the level 
of undercooling , and crystal surface free energy D.  The LTD plots particularly show that 
a substantial mass fraction of the crystal lamellae melts at lower  and higher D.  See the 
LTD at the right side of the vertical line.  Also, the most probable lamellar thickness LMP, 































































































are found to be a weak function of cooling rate .  See Table 3.  All these most probable 
properties, for a given , that correspond to the maximum mass fraction of the LTD, show 
lower  and higher D. 
4.3 Conclusions 
Isotactic polypropylene (i-PP) is a highly important polyolefin thermoplastic that 
fabricates multitude of end-products.  Melting and crystallization are integral parts of this 
fabrication process.  Therefore, this report revisits the nonisothermal crystallization 
kinetics and melt behavior of a commercial Ziegler-Natta i-PP by integrating a new 
nonisothermal crystallization model (which we published in 2013), Flory’s thermodynamic 
equilibrium theory, Gibbs-Thompson equation, and nonisothermal DSC experiments.  
Flory’s equilibrium theory has been applied by considering that an i-PP can be 
microstructurally defined to be a random stereo-copolymer having configurational defects 
along the backbone.  By applying the above simple conceptual integration, the relative 
crystallinity , temperature-dependent instantaneous crystallinity , the crystallization 
kinetic triplet, and lamellar thickness and melting temperature have been duly correlated, 
as appropriate, to the following dimensionless factorslevel of undercooling θ, crystal 
surface free energy D, and critical stable crystallite sequence number n*.  Consequently, 
new insightful results, interpretations, and explanations have been concluded.  In particular, 
the following can be listed: 
 The nonisothermal primary and secondary crystallizations of i-PP occur 
isokinetically with constant (temperature-, entropy-, and cooling rate-invariant) 
apparent kinetic energy Ea, which is also unaffected by the level of undercooling , 
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crystal surface free energy D, and the lamella-inclusive pendant CH3 group of the 
i-PP repeat unit.  The crystal dimension nd varies, independent of  and D, from 
cylinder to sphere.  Low and high system disorder (entropy), among other factors, 
favor the growth of spherulitic and cylindrical crystals, respectively.  Instantaneous 
(athermal/heterogeneous) and sporadic (thermal/homogeneous) nucleation 
processes may co-occur. 
 The very rapid primary and slow secondary crystallizations originate from the 
increase and decrease in the level of undercooling  and crystal surface free energy 
D, respectively.  In primary crystallization, the d/d and  d/dD are much higher 
than the corresponding derivatives in secondary crystallization.  Despite having 
inverse characteristics,  and D, do not change Ea, either as a function of cooling 
temperature T or rate . 
 The temperature-dependent instantaneous (dynamic) crystallinity (T) increases as 
the level of undercooling  increases, and crystal surface free energy D decreases 
with the decrease in T till an asymptotic value is reached. 
 Smaller lamellae first melt at lower temperatures and higher level of undercooling 
.  The reverse applies to the larger lamellae.  The overall lamella melting 
temperature is always below the equilibrium melting temperature i-PP (459.1 K).  
The crystal surface free energy D, unlike , increases as the melting temperature 
increases, and consequently the smaller to larger lamellae sequentially melt.  A 
substantial mass fraction of the lamella melts at lower  and higher D. 
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 Lamellar thickening occurs with the decrease of , and increase of melting 
temperature, and D.  This phenomenon significantly increases in the molten mobile 
phase.  The chain sliding diffusion theory proposed by Hikosaka et al. [87–89], 
combined with the above variation of  and D support this lamellar thickening 
behavior. 
The approach of this study also applies to evaluate the influence of catalyst structure, 















5 CHAPTER 5 
Nonisothermal crystallization and melt behavior of  
i-PP/graphene nanocomposites 
5.1 Nonisothermal crystallization of i-PP/graphene nanocomposites 
Polypropylene nanocomposites consisting of various carbon nanofillers are of high 
industrial importance.  Therefore, this is a very active research subject.  The widely used 
nanofillers, in this context, include graphite, single and multi-walled carbon nanotubes 
(SWCNTs and MWCNTs), and graphene oxide (GO) [90–98].  Novoselov, Geim, and 
coworkers discovered graphenethe world’s thinnest materialin 2004.  Graphene 
comprises a single layer of graphite having a two dimensional sheet of sp2 carbon atoms 
which are arranged in a honeycomb structure [99].  This unique structure imparts several 
outstanding properties to it, such as immensely high thermal conductivity, Young’s 
modulus, and electrical conductivity [100–104].  This is why, it shows immense potential 
to replace the traditional fillers.  Graphene-based nanocomposites have been reported to be 
used in electronics, sensors and actuators, solar cells and data storage, optics and photonics, 
medical and biological applications, tissue engineering, and biomaterials [105]. 
The fabrication of i-PPgraphene nanocomposite end-products involves heating and 
cooling during processing.  It melts and crystallizes upon heating and cooling, respectively.  
These phenomena affect the nanocomposite structure which controls the properties and 
applications listed above.  Practical fabrication processes such as injection molding, 
extrusion molding, extrusion blow molding, and vacuum forming mostly undergo  
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non-isothermal crystallization.  Hence, it is very important to investigate i-PPgraphene 
nanocomposite nonisothermal crystallization, particularly the kinetics, and melting 
behavior to generate knowledge that can be used to efficiently operate industrial fabrication 
processes and manufacture end-products with better properties and improved performance 
[26,67,72,106–108]. 
The overall published work, in the present context, concerning crystallization and 
melting behavior refers to the following different nanocomposites: (i) i-PPCNT 
[90,92,96–98]; (ii) i-PPmontmorillonite [65]  and i-PPcalcium carbonate [64];  
(iii) i-PPexfoliated graphite [91,94]; and (iv) i-PPgraphene (GNP)  
[93,100,101,103–105,109].  Our focus, as indicated above, is on i-PPGNP nanocomposite 
without using any nucleating agent.  Therefore, we summarize the major finding in this 
particular area.  GNP increases crystallization rate.  This has been explained by stating that 
it acts as a nucleating agent by increasing the nucleation sites and decreasing the nucleation 
induction period.  The limitations of the published i-PPGNP nanocomposite research are 
summarized below. 
The above studies investigated crystallization kinetics using Caze-Chuah, Jeziorny, 
Ozawa, Mo, and Seo-Kim models (as appropriate) [65,96,97,110–113]. However, these 
models are not mechanistic; they are empirical; and they lack fundamental and 
phenomenological formalism.  The model parameters do not always have adequate 
physical significance.  Some of them do not represent the entire crystallization profile, and 
some experience double logarithm insensitivity and linearization problems.  See Reference 
[114] for the details. 
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We also observe that the aforementioned reports did not study the i-PPGNP 
nanocomposite dynamic melting behavior (including lamellar thickening) and 
crystallization from Flory’s equilibrium theory perspective, particularly considering the 
following three temperature-dependent dimensionless factorslevel of undercooling θ, 
crystal surface free energy D, and critical stable crystallite sequence number n*.  Therefore, 
we integrate the fundamental mechanistic crystallization model (which we published in 
2013) [114], Flory’s thermodynamic equilibrium theory [38,115,116], Gibbs-Thompson 
equation [41,48–50,117], and DSC experiments, aiming at generating new and/or better 
insightful results, interpretations, and explanations regarding nonisothermal i-PPGNP 
nanocomposite crystallization and melt process.  Note that such an integrated conceptual 
framework to study the subject thermal behavior, as far as we know, has not been yet 
published.  Therefore, we undertake this study. 
The merits of our above crystallization model over the other literature models are 
well documented [52,114,118,119]. This is based on mechanistic consideration.  It applies 
to the entire DSC nonisothermal crystallization curve.  The model-predicted kinetic 
parametersapparent kinetic energy Ea, Avrami exponent n, and crystallization frequency 
factor k0have physical significance. 
We also plan to pursue the above objective by correlating the relative crystallinity , 
temperature-dependent instantaneous crystallinity , Ea, crystal dimension nd, nucleation 
mode nc, k0, and the lamellar thickness and melting temperature, as appropriate, to θ, D, 
and n*.  The DSC experiments, as a function of GNP wt%, will be conducted using an 
alpha-phase commercial Ziegler-Natta i-PP without adding any standard nucleating agent. 
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The results obtained from DSC, GPC, results of lamellar thickness distribution parameters 
i-PP and i-PP/GNP nanocomposites are summarized in Table 6 below. 
 
Table 6: Summary of the experimental i-PP and i-PP/GNP nanocomposite properties. 
 
Figure 30 compares the model-predicted relative crystallization profiles, determined 
using Equation 11, with the corresponding DSC profiles for different GNP compositions. 
The agreement between model and experiment, in each case, is excellent.  The 
crystallization profiles gradually shifted rightward with the increase in GNP wt%.  We 
notice that a single kinetic triplet (n, k0, and Ea), for a given GNP wt%, represents the whole 
crystallization regime (primary as well as secondary); crystallization temperature does not 
change this.  Therefore, the same mechanisms of nucleation and crystal growth operate all 
Properties i-PP/GNP nanocomposite wt% 
0.0 0.1 0.5 1.0 2.0 3.0 
Peak melting point Tpm 
(oC) 
160.9 161.5 162.1 161.9 162.4 162.4 
Peak crystallization point 
Tpc (oC) 
117.1 121.2 122.9 124.2 124.7 125.3 
Crystallinity χc (%) 3rd 
cycle 
45.15 49.71 46.85 46.51 48.85 47.57 
Crystallinity χc (%) 2nd 
cycle 
54.53 57.07 57.78 59.53 58.54 56.06 
i-PP material density ρpoly 
(g/cm3) 
0.892 0.897 0.894 0.894 0.896 0.895 
Amorphous volume 
fraction ϕa 
0.576 0.531 0.559 0.562 0.539 0.552 
Weight average lamellar 














Most probable lamellar 













Variance of LTD LTD 
(nm) 
2.49 2.51 2.50 2.52 2.48 2.51 
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throughout the crystallization process.  This remark holds for the pristine i-PP as well as 
the i-PP/GNP nanocomposites.  This is how the present model overcomes the drawbacks 
and limitations of the arbitrary parameter-based existing nonisothermal crystallization 
models reported in the literature [26,114]. Hence, the assumption of variable crystallization 
mechanism, selectively reported in the literature [26,69,70,120,121], does not hold. 
Now, we evaluate the effect of GNP on the relative rates of nucleation and crystal 
growth as follows. 

















































































Figure 30: Comparison of model-predicted relative crystallization profiles of pristine i-PP 




Ea , for i-PP and i-PPGNP nanocomposites, using the present 
crystallization model-predicted Ea and the Cycle 2 DSC data.  We found the following: 
0.03535  
RT
Ea  0.04287; hence, 
RT





































and 7.46 for i-PP and i-PPGNP nanocomposite (3.0 wt% that corresponds to asymptotic 



































by several folds over the crystal growth rate.  This is another manifest of the merit of the 
new crystallization model.  Such a proof does not appear in the literature. 
 
Table 7: Model-predicted crystallization kinetic parameters for i-PP/GNP 
nanocomposites. 




















































Table 7 shows that the model-predicted nd, as a function of GNP wt%, spans 2 and 3.  
For low GNP content (up to 0.1 wt%) nd = 2.  Beyond this value, nd = 3.  Therefore, 
increasing GNP wt% transforms the mode of crystal growth from cylindrical to spherical.  
Therefore, our isokinetic crystallization model predicts the advantage of adding GNP nano-
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filler to i-PP.  Exceeding a critical composition, GNP aids achieving the desired spherical 
morphology.  Now, we address the nucleation mechanism; 0.10  nn  0.90 (according to 
Equation 18).  Therefore, in i-PP and i-PPGNP nanocomposites, instantaneous 
(athermal/heterogeneous) as well as sporadic (thermal/homogeneous) nucleations can 
simultaneously occur.  The following factorsthe i-PP backbone stereo-defects,  
lamella-inclusive CH3 group [33,37,116], and the interaction of GNP with the polymer 
backbonemay be ascribed to this. 
The model-predicted nonisothermal crystallization frequency factor k0 (defined by 
Equation 15) does not practically vary with GNP wt%.  See Table 7.  We interpret this 
result as follows.  Considering the relation between kinetics and thermodynamics, it can be 
shown that k0  exp(S/R) or S  Rlnk0 where S is entropy of the system and R is the 
universal gas constant [122].  Therefore, k0 measures the crystallization entropy.  The 
observed invariance of k0 with GNP wt% reflects that GNP resists system disorder during 
crystallization. 
Figure 31 demonstrates how GNP wt% affects average crystallization rate (t1/2)1 and 
the apparent activation energy Ea.  The effect is two-fold and opposite.  GNP increases 
(t1/2)1.  Hence, it acts as a nucleating agent.  This finding matches what has been reported 
in the literature [93,100,101,103–105,109].  However, the literature does not adequately 
explain this result.  The present crystallization model, as per Figure 31, illustrates that the 
interaction of GNP with i-PP backbone decreases Ea.  This finding, therefore, argues for 
the observed GNP nucleation behavior.  We shall also explain the GNP-mediated increased 
crystallization rate from Flory’s thermodynamic quilibrium theory in the next section. 
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Figure 32 expands the role that GNP plays in its composite with i-PP.  The 
crystallization induction time tind decreases with GNP wt%, which again corresponds to 
what the literature reports [93,100,101,103–105,109].  This result is a consequence of GNP 
nucleation effect. 
 
Figure 31: Effect of graphene wt% on average crystallization rate (t1/2)-1 and apparent 



































































Weight fraction of graphene XG
i-PP     i-PP/GNP
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Figure 32: Effect of graphene wt% on nonisothermal crystallization  
induction time tind (α = 0.10). 
5.2 Nonisothermal crystallization and melt behavior of i-PP/graphene 
nanocomposites 
Here, we discuss the crystallization and melting behavior of the experimental  
i-PP/GNP nanocomposites using Flory’s equilibrium theory level of undercooling θ, 
crystal surface free energy D, and critical stable crystallite sequence number n*.  Equations 
25, 26, and 24 consecutively define them.  DSC Cycle 2 and Cycle 3 data were used to 
investigate the crystallization and melting behavior, respectively. 
Figure 33 first illustrates a common effect.  θ affects relative crystallinity () profile, 



























































Figure 33: Variation of relative crystallinity α of pristine i-PP and i-PP/graphene 
nanocomposites as a function of level of undercooling θ graphene wt%. 
 
Second, the incorporation of GNP progressively translates the  profiles toward the 
left.  This shows that the increasing GNP wt% makes crystallization happen at lower   
region(s).  Figure 34 shows the overall opposite influence of D on .  These Figure 33 and 
Figure 34 results, therefore, provide new explanation regarding nonisothermal 



































Figure 34: Variation of relative crystallinity α of pristine i-PP and i-PP/graphene 
nanocomposites as function of crystal surface free energy D and graphene wt%. 
 
Figure 35 models the crystal stability phenomenon.  n* gradually decreases during 
primary crystallization.  However, it drops much more abruptly during secondary 
crystallization.  For a given value of , n* increases with GNP wt%.  This is a significant 




































Figure 35: Variation of relative crystallinity α of pristine i-PP and i-PP/graphene 
nanocomposites as a function of critical crystallite sequence number n* and graphene wt%. 
 
Now, we investigate the variation of crystallization rate (t1/2)1 from Flory’s 
equilibrium theory view point.  Figures 36 and 37 vividly show that the increase in (t1/2)1, 
is because of decreasing  and increasing D (due to interation of GNP with i-PP 
backbones), respectively.  Also, see Figure 31 model prediction on Ea, which is another 
factor that explains variation of (t1/2)1.  Therefore, normalized temperature gradient (with 
respect to equilibrium melting temperature 0mT ), crystallite surface effects, and apparent 
activation energy influence GNP-mediated increased crystallization rate.  The Figure 33 to 
Figure 37 results add to the list of new insightful findings which, to the best of our 






































































































Figure 37: Variation of average crystallization rate (t1/2)
-1 as a function of surface free 
energy D. 
 
Here, we address the effects of the level of undercooling  and crystal surface free 
energy D on the melting behavior of i-PP and i-PPGNP nanocomposite.  See Figure 38, 
in which the lamellar thickness distribution (LTD) was calculated using Equations 30, 31, 

















































Figure 38: Effect of graphene wt% on lamellar thickness distribution L of pristine i-PP 
and i-PP/graphene nanocomposites. 
 
As per Flory’s thermodynamic equilibrium theory, melting and crystallization are 
reversible.  Figure 39 shows that melting first starts with the smaller defect-rich lamellae 
at lower temperatures, and higher undercooling favors this.  On the other hand, the larger 
defect-free lamellae melt later at higher temperatures, which occurs due to lower level of 
undercoling .  In either case, the lamella melting temperature is always less than the 
equilibrium melting temperature Tmo of the perfect crystalline i-PP (459.1 K).  However, 
the effect of crystal surface free energy D on melting behavior of i-PP and i-PPGNP 
nanocomposites differs from that of .  Here, D, unlike , increases as the melting 
temperature increases, and consequently the smaller to larger lamellae sequentially melt.  
In summary, lamellar thickening occurs with the decrease of , and increase of melting 
temperature and D.  This phenomenon significantly increases in the molten mobile phase.  







































the above variation of  and D support this lamellar thickening behavior.  This insightful 
finding remains, to the best of our knowledge, unreported in the literature. 
 
Figure 39: Effect of level of undercooling θ, surface free energy D, and graphene wt% on 
lamellar thickness (that is, melting process). 
 
Overall,  and D inversely influence the i-PP and i-PPGNP nanocomposite melting 
phenomenon.  This can be explained as follows.  Equation 4 shows that  linearly increases 
as a function of 
T
T
 (where TTT m 
0 ), and it mathematically expresses the 
undercooling profile of the experimental i-PP and the subject nanocomposites with 
reference to the polypropylene perfect crystal (having infinite MW and lamellar thickness, 
and  = 0).  Hence, it eventually shows the temperature gradient effect on the above melting 
process.  On the other hand, D decreases exponentially as a function of non-dimensional 
crystal surface free energy 
RT
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D are fundamentally related to the topologies of the lamellae and crystallite surface.  By 
topology, we mean the crystallizable isotactic polypropylene sequence length distribution 
SLD (due to stereo-defects), the density of chain entanglement, and the configuration of 
the folding lamellae. 
5.3 Conclusions 
Melting and crystallization are invariably involved in fabricating i-PPGNP 
nanocomposite end-products.  Hence, the crystallization and melt behavior of  
selected as-synthesized commercial Ziegler-Natta i-PPGNP nanocomposites have been 
investigated by integrating a new crystallization model (which we published in 2013), 
Flory’s thermodynamic equilibrium theory, Gibbs-Thompson equation, and nonisothermal 
DSC experiments.  Flory’s equilibrium theory has been applied by considering that an i-
PP can be microstructurally defined to be a random stereo-copolymer having 
configurational defects along the backbone.  The nonisothermal crystallization kinetics and 
melting phenomena have been related to the level of undercooling θ, crystal surface free 
energy D, and critical stable crystallite sequence number n*.  Consequently, new insightful 
results, interpretations, and explanations have been concluded.  In particular, the following 
can be listed: 
 A single kinetic triplet (n, k0, and Ea), with invariable crystallization mechanism 
and system entropic disorder, represents the very rapid primary and slow secondary 
crystallizations.  The level of undercooling , crystal surface free energy D, and the 
lamella-inclusive pendant CH3 group of the i-PP repeat unit do not affect the 
above kinetic parameters.  Heterogeneous and homogeneous nucleation can  
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co-occur.  In primary crystallization, the d/d and  d/dD are much higher than 
the corresponding derivatives in secondary crystallization. 
 Graphene acts as a nucleating agent, increases the nucleation and average 
crystallization rates, transforms the mode of crystal growth from cylindrical to 
spherical, stabilizes the crystallite, and decreases the apparent crystallization 
energy and induction period.  It causes crystallization at lower  and higher D 
regions. 
 Smaller defect-rich lamellae first melt at lower temperatures and higher level of 
undercooling .  The reverse applies to the larger defect-free lamellae.  The crystal 
surface free energy D, unlike , increases as the melting temperature increases, and 
consequently the smaller to larger lamellae sequentially melt. 
 Lamellar thickening occurs with the decrease of , and increase of melting 
temperature, and D.  This phenomenon significantly increases in the molten mobile 
phase.  The chain sliding diffusion theory proposed by Hikosaka et al. [88,89,123], 
combined with the above variation of  and D support this lamellar thickening 
behavior. 
The approach of this study applies, in general, to evaluate the influence of catalyst 
structure, backbone defect types, and their distribution on the crystallization and melt 
behaviors of polyolefin/nanofiller composites. 
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6 CHAPTER 6 
Recommendations for future work 
The recommendations for future work are as follows: 
1. Apply the present integrated concept to very fast DSC experiments 
2. Revisit the crystallization and melting behavior by modeling the catalyst active 
center distribution, and conducting successive self-nucleation and annealing (SSA) 
DSC experiments 
3. Study Gibb’s free energy of crystallization as a function of cooling rates and 
graphene content 
4. Investigate dynamic crystal growth 
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